New variant Creutzfeldt-Jakob disease (vCJD) and bovine spongiform encephalopathy (BSE) are caused by the same strain of pathogen and, as sheep can develop experimental BSE, this has raised concern that humans may be at risk from eating mutton if BSE has naturally transmitted to sheep. Biochemical typing of abnormal prion proteins (PrP Sc ) has been suggested to detect BSE in sheep. Although this approach is ingenuous, we can now report biochemical evidence of strain variation in contemporary and archival brain tissue from cases of experimental BSE or experimental and natural scrapie in sheep. Interestingly, we found at least one isolate of natural scrapie (CH1641) with a very similar, but not identical, PrP Sc profile to BSE but which differs from BSE in its transmission characteristics to mice.
Bovine spongiform encephalopathy (BSE) can be transmitted to sheep by feeding or inoculation of BSE-infected tissue and the revelation that a new form of Creutzfeldt-Jakob disease (vCJD) and BSE are caused by the same strain of pathogen (Bruce et al., 1997) has raised concern that humans may be at risk from sheep exposed to the BSE agent. The biological characteristics of the BSE strain, the survival times, neuropathology and types of prion protein (PrP) it produces in panels of inbred mice, are conserved when it passes through intermediate species (Bruce et al., 1994 ; Hill et al., 1997) . This inheritance of PrP types may be linked to the molecular mechanism of strain variation either directly -as in the prion hypothesis (Prusiner, 1991) -or indirectly by their binding to other molecules (Hope, 1994) .
The conversion of the normal cellular prion protein (PrP C ) to an aggregated, insoluble isoform, PrP Sc , is a key process in Author for correspondence : Jim Hope.
Fax j44 1635 577263. e-mail james.hope!bbsrc.ac.uk the pathogenesis of all transmissible spongiform encephalopathies (TSEs) and the detection of PrP Sc forms the basis for biochemical typing of these diseases. Folding differences in the abnormal isoform of the prion protein (PrP Sc ) can be detected by probing the conformation of the protein in diseased brain by proteolysis and by sizing of protease-resistant PrP Sc fragments (PrP-res) by SDS-PAGE and immunoblotting (Bessen & Marsh, 1994 ; Kascsak et al., 1986) . PrP can have Nlinked glycans attached at two sites : hence individual polypeptides can be di-glycosylated, mono-glycosylated at one or other of the two sites or can be un-glycosylated. Thus, differences in the molecular mass of these four possible forms of PrP and their relative amounts from a single PrP Sc preparation are due to different extents of N-linked glycosylation of the peptides. Additional variation in this glycoform pattern between different sources of PrP Sc is attributable to changes in the degree of N-glycosylation and to N-and\or Cterminal cleavage of PrP Sc at sites where accessibility of the protease is linked to the strain of agent (Parchi et al., 1996 ; Warwicker, 1997) . Different banding patterns of PrP-res peptides can be associated with specific strains of TSE agents (Somerville et al., 1997) and these molecular signatures appear to be retained following transmission of these agents from one species to another and so, at least at primary passage, may be used to identify the source of a particular infection (Collinge et al., 1996) . To look for BSE in sheep, we have used PrP typing to survey brain tissue from normal and TSE-affected animals of this species.
Five control sheep and 23 contemporary or archival cases of natural scrapie or experimental scrapie and BSE in sheep of various breeds and PrP genotypes were analysed in a doubleblind study. Sheep brain was taken at autopsy and stored frozen at k20 mC for up to 32 years prior to analysis by published procedures (Collinge et al., 1996) . Sheep breed and type of disease, PrP genotype, cull year and glycoform category are listed in Table 1 . By SDS-PAGE\immunoblotting using a rabbit polyclonal anti-PrP peptide 90-115 antiserum (R30) (Kocisko et al., 1996) , different amounts of each brain sample were analysed several times (n l 3-7) and the relative percentages of the different glycoforms calculated following laser densitometry. The relative mobilities of these glycoforms were also determined and used to calculate their apparent molecular sizes (M r ) by comparison with the mobilities of standard proteins (Collinge et al., 1996) . In our blind-coded trial of this methodology, two of us (J. H. and S. W.) independently grouped the samples into four classes : A, B, C or unclassified (Unc.) ( . This numerical analysis may be useful but in our experience it did not contribute more to the interpretation of the data than a simple visual comparison of samples analysed on the same gel\blot (Fig. 1) . Fifteen brain samples out of the total 28 could be classified in terms of M r and the relative amounts of their three major PrP glycoforms. Examples of all 15 are shown in Fig. 1 (a, b) , lanes 1, 5-10 and 12-19) and, strikingly, a much greater multiplicity of patterns was observed in these sheep samples than was seen in those with mouse-passaged scrapie strains (Somerville et al., 1997) . All 28 cases gave a positive signal including five putative controls from sheep with no clinical or histopathological signs of scrapie. If, for whatever reason, all of the three major groups of PrP glycoforms were not seen then classification was deferred [Unc. (unclassified) in Table 1 ] ; in all, 13 of the 28 cases were unclassified. Examples of three control sheep (lanes 2-4) and one clinical\pathology positive animal which could not be typed (lane 11) are also shown in Fig. 1 (a) . The 15 samples which met our criteria for molecular typing fell into three biological groups : A, natural scrapie (lane 17) and SSBP\1 (lanes 9, 13, 16) (Dickinson, 1976 ; Dickinson & Outram, 1988) ; B, natural scrapie (lanes 1, 5, 6, 8, 12, 14, 19) ; C, CH1641 (lanes 10, 15) (Foster & Dickinson, 1988) and BSE (lanes 7, 18). In Fig. 1 (c the complexity of PrP patterns and to confirm the M r of the PrP-res polypeptide backbone. Only two of five reference samples for BSE transmitted to sheep could be classified but they did show the same pattern (C). They looked similar to CH1641 as, in both sets of samples, the di-glycosylated form was the most abundant, the ratios of the di-, mono-and unglycosylated forms were the same and the masses of the lowest M r forms were identical ; these C sub-types could only be distinguished by the detail of their different monoglycosylated forms. The biological characteristics of the BSE strain when transmitted to panels of inbred mice -the survival times and neuropathology -are conserved when it occurs naturally in man and other species (Bruce et al., 1997) or when it is passed experimentally through sheep (Bruce et al., 1994 ; Foster et al., 1996) . Similarly, the type of PrP found in brains of these mice and intermediate species are highly distinctive and enriched in the di-glycosylated form of PrP-res we have associated with a type C strain in BSE-and CH1641-infected sheep brain. All samples were run at least three times to assess the reproducibility of the technique and the significance of minor technical deviations. One re-run of the profiles of Fig.  1(a) is shown with juxtaposition of the patterns of BSE and CH1641 for easier comparison (Fig. 1 d, lanes 7 and 10) . Group B also showed evidence of sub-types (compare lanes 6, 8 and 12). Interestingly, a fragment of PrP Sc with an M r characteristic of di-glycosylated PrP-res was detected in small amounts in all five samples from control sheep ; this type of result is often ignored and can usually be avoided if equivalent weights of heavily infected and control tissue extracts per gel track are compared. In this double-coded study, replicating field application of this technique, this refinement was not possible and gel loading was adjusted blind to maximize the chance of signal detection. Further work is needed to understand the significance of this ' control PrP-res ' signal, which might indicate pre-clinical disease in these animals or be some artifact of the methodology. The major genetic determinant of survival time in UK sheep is the codon 136\154\171 PrP genotype (Goldmann et al., 1994) and no correlation between the glycoform profiles and codon 136\154\171 PrP allotypes could be seen in this limited sample. Similarly, naturally occurring dimorphisms of murine PrP have little or no effect on the glycoform ratio or M r of different mouse-passaged TSE strains (Moore et al., 1998) . However, we cannot rule out that the minor differences we acknowledge here between C sub-types, CH1641 and BSE, may be due to their infection of sheep expressing slightly different allotypes -AA : RR : RQ (BSE, Table 1 ) and AA : (H\R)H : QQ (CH1641, Table 1 ). Further work including full sequencing of the ovine PrP-coding regions will be needed to assess the relative importance of sheep genotype and agent strain in determining the subtle variation of glycoform profiles relating different types and sub-types of TSE agents.
Some of our test samples have been conventionally straintyped in mice and, when available, this data will allow the relative sensitivities of mouse transmission and direct biochemistry to be compared as tools for TSE strain epidemiology. To date, transmission to mice has been attempted from several of the natural scrapie cases listed in Table 1 (samples in lanes 1, 6, 12, 14 and 17 gave positive transmissions ; samples 8 and 11 failed to produce clinical or pathological disease). None of the positive cases gave transmissions resembling the pathology, survival times or biochemical (PrP) profiles in mice of those from BSE-affected cattle or sheep. Positive transmission to mice was also achieved from the SSBP\1 pool of inoculum used to challenge the three Cheviot sheep listed in Table 1 ; these SSBP\1-induced mouse cases could easily be distinguished from BSE-affected mice by the conventional straintyping criteria (Bruce et al., 1994) . Neither of the sources of D CH1641-or BSE-infected cases tested in this experiment has been transmitted to mice. However, CH1641 from previous stages in its sheep passage history has proved difficult to transmit to mice, unlike BSE (Fraser & Foster, 1993) , and so, in contrast to their similarities in PrP glycoform type (type C, this paper) and the rate at which they produce disease in different genotypes of sheep (Goldmann et al., 1994) , this isolate and BSE may eventually be distinguished by a difference in their ease of transmission to mice.
Our discovery of the biochemical similarities of PrP-res from CH1641-and BSE-affected sheep brains has some immediate implications. Firstly, it indicates that molecular strain-typing could distinguish BSE from group A or B types of scrapie in sheep but, as the frequency of CH1641 or other Ctype scrapie isolates is unknown, it may have limited usefulness for positively identifying BSE in the national flock. Secondly, since CH1641 pre-dates the outbreak of BSE by 15 years -it was isolated from a natural case of scrapie culled in June 1970 -its biochemical similarity to BSE provides some circumstantial support that BSE could have originated from a C-type sheep scrapie strain.
